The flagellar force generated by a hyperactivated monkey spermatozoon was evaluated using the resistive force theory applied to the activated (nonhyperactivated) and hyperactivated flagellar waves that were obtained using high-speed video microscopy and digital image processing in order to clarify the mechanism of sperm penetration through the zona pellucida. No difference in the maximum propulsive force, which was parallel to the longitudinal sperm head axis, was found between the activated and hyperactivated spermatozoa. The maximum transverse force (45 pN), which was perpendicular to the longitudinal sperm head axis, of the hyperactivated spermatozoon was w2.5 times its propulsive force. As the beat frequency of the flagellar beating remarkably decreased during the hyperactivation, the slowly oscillating transverse force (5 Hz) by the hyperactivated spermatozoon seems to be most effective for sperm penetration through the zona pellucida.
Introduction
It is well known that the characteristic movement of the hyperactivated spermatozoa is effective for sperm penetration through the zona pellucida (Boatman & Robbins 1991 , Yanagimachi 1994 . This effect has been ascribed to the large thrust (the propulsive force) generated by the hyperactivated spermatozoon (Drobnis et al. 1988 , Yanagimachi 1994 . However, the role of the thrust generated by the spermatozoon during the zona penetration is controversial (Cherr & Drobnis 1991 , Green 2002 ) because of lack of rigorous examinations.
Detailed analyses of the movements of the hyperactivated spermatozoon revealed that the large lateral displacements and slow oscillations of the sperm head and flagellum were inherent features of the hyperactivated spermatozoon (Ishijima et al. 2002) . These features resulted from the sharp bends in the proximal midpiece and a low beat frequency of the hyperactivated spermatozoon (Ohmuro & Ishijima 2006) . These results suggest that not the propulsive thrust (the propulsive force) but the transverse force generated by a slowly oscillating hyperactivated spermatozoon is an essential feature and plays an important role in sperm penetration through the zona pellucida.
The hydrodynamic calculation of power output in the hyperactivated spermatozoon indicated that the power output did not change during the hyperactivation (Katz et al. 1978) . Furthermore, recent detailed analyses of flagellar movements of a spermatozoon using digital image processing revealed that the rate of microtubule sliding between doublet microtubules in the sperm flagella remained constant during the hyperactivation (Ishijima 2007) , suggesting that the ATP concentration in the spermatozoon remains constant because the sliding velocity of the doublet microtubules is closely related to the ATP concentration (Gibbons & Gibbons 1972) . These results also suggest that the propulsive thrust generated by a spermatozoon does not increase during the hyperactivation.
To resolve this apparent dispute about the flagellar force and understand the mechanisms by which the sharp bends in the proximal midpiece and slow beatings of the hyperactivated spermatozoon enable sperm to penetrate through zona pellucida, it is necessary to clarify the dynamics of the flagellar force of the hyperactivated spermatozoon using the flagellar waves that are obtained by high-speed video microscopy and digital image analysis. Rigorous analysis of highly curved flagellar waves, such as those of the hyperactivated spermatozoon, is complicated (Gray 1958 ) and hence has not yet been carried out in this subject.
In this study, the hydrodynamic calculation of the flagellar force of the activated (nonhyperactivated) and hyperactivated spermatozoa has been carried out by applying resistive force theory to the flagellar waves that are obtained from the monkey spermatozoon.
The maximum propulsive force, which is parallel to the axis of the sperm head, did not increase during the hyperactivation, whereas the maximum transverse force, perpendicular to the axis of the sperm head, was more than double the propulsive force in the hyperactivated spermatozoon. Based on these results, the mechanisms by which the sperm penetrate the zona pellucida are proposed.
Results
Typical examples of swimming trajectories of activated and hyperactivated spermatozoa are shown in Fig. 1 . The heads of the activated spermatozoa moved in nearly straight paths (Fig. 1A) , suggesting that mainly propulsive force was effective. However, the heads of the hyperactivated spermatozoa moved in small circular or figure-of-eight paths (Fig. 1B) , suggesting that the flagellar force had the transverse component larger than the propulsive force.
Detailed analysis of the flagellar force generated by the hyperactivated spermatozoa was carried out and its result was compared with that of the activated spermatozoa. Typical time courses of the flagellar forces during a complete beat cycle are shown for the activated ( Fig. 2A) and hyperactivated (Fig. 3A) spermatozoa. The propulsive force altered its direction twice during each beat cycle, whereas the transverse force altered once (Gray 1953 , 1958 , Dresdner et al. 1980 . The propulsive force generated by the activated spermatozoon repeated at intervals of w20 ms (Fig. 2A) ; therefore, it changed direction w50 times per second. However, the transverse force of the activated spermatozoon repeated at intervals of w40 ms; thus, it changed direction w25 times per second ( Fig. 2A) , a value that corresponds to the beat frequency of the activated spermatozoon (24 Hz, Ishijima et al. 2006) . However, the propulsive force of the hyperactivated spermatozoon repeated at intervals of w100 ms (Fig. 3A) ; thus, it changed direction w10 times per second, but in contrast, the transverse force of the hyperactivated spermatozoon repeated at intervals of w200 ms; thus, it changed direction w5 times per second (Fig. 3A) , a value that also corresponds to the beat frequency of the hyperactivated spermatozoon (4.1 Hz, Ishijima et al. 2006) . These results indicated that the propulsive force of the activated spermatozoon oscillated at very high frequencies (50 Hz), whereas the transverse force of the hyperactivated spermatozoon slowly oscillated (5 Hz).
The mean values of the maximum propulsive and transverse forces are shown in Table 1 . During the hyperactivation, the maximum propulsive force did not change, but the maximum transverse force significantly decreased, namely, the flagellar force did not increase during the hyperactivation. However, the maximum transverse force of the hyperactivated spermatozoon was w2.5 times its maximum propulsive force, suggesting that not the propulsive force but the transverse force is essential for the sperm hyperactivation. Furthermore, in the case of the hyperactivated spermatozoon that had relatively symmetrical flagellar waves, the transverse force of w45 pN (Table 1) was exerted on both sides because the sperm flagellum oscillated from side to side to almost the same extent (Fig. 3) . The flagellar waves producing the maximum and minimum forces are shown in Figs 2B and 3B. The maximum and minimum propulsive forces were obtained from the flagellar waves in which the large basal bends propagated toward the tip of the flagellum, whereas the maximum and minimum transverse forces were obtained from the flagellar waves having sharp basal bends in the midpiece of the flagellum. These features appeared in both the activated and the hyperactivated spermatozoa, although their force values were different. The activated sperm flagellum contained at least a full wave (Fig. 2B) , whereas an almost half wave was present in the hyperactivated sperm flagellum (Fig. 3B) ; thus, the resultant transverse force of the AUTHOR COPY ONLY whole cell was almost balanced on the activated sperm flagellum but was little balanced on the hyperactivated sperm flagellum. This difference in the flagellar wave number partly caused the difference in the maximum and minimum values of the transverse force between the activated and the hyperactivated spermatozoon (Gray 1958 , Machemer 1974 . The mean propulsive force of the activated spermatozoon was positive (Fig. 2A) ; thus, this force continuously propels the spermatozoon forward during free swimming (Fig. 1A) . However, in the hyperactivated spermatozoon, the difference between the maximum and the minimum propulsive forces alternately changed its sign, and accordingly, the nonprogressive movement occurred during the free swimming (Fig. 1B) .
The flagellar forces exerted by a flagellar segment are proportional to its velocities of the longitudinal and transverse displacements and its shear angle (Materials and Methods). The contribution of these factors to the flagellar force of the activated and hyperactivated spermatozoa was estimated using equation 1 (Materials and Methods). Because the change in the flagellar force caused by different shear angles was half its velocity, the flagellar force generated by its segment is roughly able to be estimated by its velocity (Fig. 4) . Therefore, the maximum transverse force by a flagellar segment of the activated spermatozoon was obtained when the flagellar segment was crossing the sperm head axis, whereas the maximum propulsive force was obtained when the flagellar segment was near its maximum transverse displacement. However, in the hyperactivated spermatozoa, both the maximum transverse and propulsive forces were obtained when the flagellar segment was crossing the sperm head axis because the maximum propulsive and transverse velocities were obtained at this position (Fig. 4) .
Discussion

Flagellar force of a sperm flagellum
Calculation of the flagellar force using the resistive force theory was accurate and reliable for the sea urchin spermatozoon (Gray & Hancock 1955) . However, it has not yet established whether this theory is applicable to other types of flagellar movements because there are only a few reports comparing the calculated data with the experimental values. Therefore, in order to estimate the calculation error of the flagellar force using the resistive force theory, the values obtained by analytical solution of the triangular waves were compared to those obtained using the resistive force theory. The calculation error was within 13% and negligibly small compared with the experimental error ).
There have been several studies calculating and measuring the flagellar force generated by a spermatozoon other than a sea urchin spermatozoon (Baltz et al. 1988 , König et al. 1996 . The calculated propulsive thrust was 19 pN for the human spermatozoon (Baltz et al. 1988) ; thus, w18 pN of the propulsive force for monkey spermatozoon in this study are reasonable because its characteristics of the morphology and the flagellar movement are almost same (Cummins & Woodall 1985 . Experimental measurement of the flagellar force using optical tweezers gave a mean value of 44 pN for the human spermatozoon (Kö nig et al. 1996) .
In this study, the propulsive force (the propulsive thrust) did not increase during the hyperactivation. Therefore, the zona penetration by the propulsive force of the hyperactivated spermatozoon is improbable even though the oscillation frequency of the propulsive force decreased from 50 to 10 Hz. However, the transverse force of the hyperactivated spermatozoon was 2.5 times the propulsive force. Furthermore, the transverse force nearly doubled itself during the symmetrical flagellar beating of the hyperactivated spermatozoon, namely, the symmetrical flagellar waves generated 45 pN in both directions due to their side-to-side oscillation. All hyperactivated spermatozoa did not produce Data are presented as meanGS.D. N, number of monkeys used for the experiments; n, number of measured spermatozoa. *No significant difference (P!0.01). a The propulsive force is a component of the flagellar force in the direction longitudinal to the sperm head, whereas the transverse force is a component of the flagellar force in the direction transverse to the sperm head axis.
Force generated by a hyperactivated sperm AUTHOR COPY ONLY symmetrical flagellar waves, but the percentage of the hyperactivated spermatozoa producing symmetrical flagellar waves increased during incubation (Yanagimachi 1994 . Almost all reported studies have overlooked or ignored the symmetrical flagellar waves of the hyperactivated spermatozoon (Ho et al. 2002 , Suarez 2008 ; however, the advantages of the symmetrical flagellar waves in generating the transverse force are probably an important feature of the hyperactivation. These results suggest that most important features of the hyperactivation are the transverse force higher than the propulsive force and the low beat frequency (below).
Mechanisms of sperm penetration through the zona pellucida
The low beat frequency in the hyperactivated spermatozoon resulted from its sharp bends of the sperm flagellum because the spermatozoon did not change the energy consumption during the hyperactivation (Ohmuro & Ishijima 2006 , Ishijima 2007 , Kaneko et al. 2007 ). As seen in Table 1 , the flagellar forces of the activated spermatozoon are not as low as those of the hyperactivated spermatozoon, suggesting that not the large flagellar waves but the low beat frequency is the most important feature of the hyperactivation. Several recent studies examining the physical property of zona pellucida and living cells seemed to determine the true meaning of this feature of the hyperactivation, namely, the zona pellucida showed the transition from elastic behavior to plastic depending on the deformation (Wacogne et al. 2008 , Papi et al. 2009 ), and such a large deformation of the cell surface was due to the lowfrequency oscillations (Fabry et al. 2003) . Taking into account all these results, it is likely that the slow oscillation of the hyperactivated spermatozoon fully exploits the plastic behavior of the zona pellucida, namely, the slowly oscillating shear force generated by the hyperactivated sperm flagellum causes a large deformation in the zona material due to the rearrangement of the zona structure. In fact, many biological materials show biphasic features: predominantly viscous at low frequencies and predominantly elastic at high frequencies (Balazs & Gibbs 1970) . Consequently, this must be the main reason why the activated spermatozoon beating with high frequencies fails to attach and penetrate the zona pellucida even though it has a higher flagellar force than the hyperactivated spermatozoon. Furthermore, repetitive shear stress causes a large deformation at a lower shear force than that required, thus causing deformation in a single application (Suresh 1998) . The propulsive force is necessary for the sperm penetration through the zona pellucida regardless of whether the acrosomal enzymes are involved, otherwise the zona pellucida pulls the sperm into the perivitelline space. However, this study revealed that the propulsive force was lower than the transverse force, suggesting that the transverse force plays a crucial role in the sperm penetration through the zona pellucida. This idea is also supported by the several observations, namely, the sperm head laterally oscillated within the zona pellucida (Yanagimachi 1966 , Bedford 1991 . Furthermore, several recent studies examining the movement of the micropipette tip during the zona pellucida piercing in piezo-assisted ICSI revealed that not the longitudinal displacement of the micropipette tip but its transverse displacement was critical in piercing the zona pellucida (Ediz & Olgac 2004 , 2005 . Because the piezo-assisted ICSI resulted in a higher efficiency of microinjection even with a flat tip micropipette than the conventional ICSI in which the micropipette with a sharpened tip was rapidly pushed forward until it penetrated the zona pellucida (Kimura & Yanagimachi 1995 , Yanagida et al. 1998 , the shear force generated by the lateral movement of the micropipette is probably more effective in piercing the zona pellucida than the propulsive thrust.
As mentioned above, the sperm penetration through the zona pellucida must be mainly mechanical. However, during sperm binding and initial entry into the zona pellucida, acrosomal enzymes must play an important role. As seen in Fig. 3A , the propulsive force of the hyperactivated spermatozoon oscillated back and forth and had the maximum and minimum values due to the longitudinal displacement of the flagellar segments; thus, the sperm head not only pushes the zona surface but also alternately leaves it. It might be the acrosomal enzymes that fuse the sperm head and the zona surface to prevent the sperm from leaving the zona surface (Tollner et al. 2003) . In summary, the hyperactivated AUTHOR COPY ONLY spermatozoon seems to penetrate through the zona pellucida by the shear force generated by the slow oscillation of the transverse force while pushing the zona surface by the propulsive force.
Materials and Methods
Sperm preparations
The spermatozoa obtained from adult male cynomolgus macaques, which were caged individually at the California Regional Primate Research Center in compliance with the Federal Animal Welfare Act and the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals, were prepared as described by Tollner et al. (2003) . Briefly, the semen samples collected by electro-ejaculation into 15 ml centrifuge tubes containing Hepes-buffered BWW were allowed to stand for 30 min to remove the coagulum, then further diluted with Hepes-buffered BWW containing 3 mg/ml BSA, and washed by centrifugation at 300 g for 10 min. The resulting sperm pellets were centrifuged through a 6 cm column of 80% Percoll at 400 g for 25 min. The supernatant containing Percoll and any remaining seminal plasma was removed and then the sperm pellet was resuspended in bicarbonate-buffered BWW containing 30 mg/ml BSA. The obtained sperm suspensions were washed two more times by centrifugation at 300 g for 10 min and diluted in this medium. The spermatozoa were finally resuspended at a concentration of 10-20!10 6 /ml in the bicarbonate-buffered BWW and then capacitated by a series of incubations beginning with a 24 h incubation at room temperature in 4.5% CO 2 . Following this room temperature incubation, the sperm suspensions were incubated at 37 8C in 4.5% CO 2 for 2 h more, at which point the sperm concentration was adjusted to 10!10 6 /ml. The sperm suspensions were incubated for an additional 1 h in media containing 1 mM caffeine and 1 mM dbcAMP (as activators). Macaque sperm capacitated according to this protocol have been used for in vitro fertilization studies and produce high rates of fertilization after a 4 h coincubation of sperm and oocytes. All procedures were performed at room temperature (23 8C) unless noted.
Observations and recording
For examination and recording of the movements of the sperm and their flagella, a 70 ml aliquot of the sperm suspension was transferred to a 20 mm deep observation chamber that was made from four posts of silicon grease containing 5-20 mm silica beads and covered with a 22!22 mm glass coverslip. The slide was warmed for 5 min on a microscope stage warmer set at 37 8C before the sperm were added. The sperm and their flagellar movements of the monkey spermatozoa were observed and recorded using an Olympus phase-contrast microscope equipped with a condenser, a !40 NH objective, and !10 eyepieces (Scientific Instruments Co., Sunnyvale, CA, USA). Images were directly captured and stored in a computer using a high-speed camera (HAS-200R, Ditect Co. Ltd, Tokyo, Japan), image software (Dipp-Motion 2D, Ditect Co. Ltd), and a frame grabber (HAS-PCI, Ditect Co. Ltd) at the rate of 200/s for about 2 s.
Calculation of flagellar force
For the detailed field-by-field analysis, images of the beating flagellum of the monkey spermatozoon attached to the slide surface by its head were analyzed using image analysis software (Bohboh, Bohboh Soft, Tokyo, Japan; Baba & Mogami 1985 , Ishijima et al. 2002 , Ohmuro & Ishijima 2006 in order to simulate the spermatozoa attached to the zona pellucida. An individual flagellar image was automatically tracked using the Autotrace module of the Bohboh Software; the coordinate values of the flagellum from the head-midpiece junction to the flagellar tip were obtained with reference to the direction of the axis of the sperm head. The shear angle, which is the angle of the tangent to the flagellum with reference to the sperm head axis, was calculated from the coordinate values obtained as a function of the distance along the flagellum from the head-midpiece junction. The beat frequency was calculated from the period required for a complete beating cycle.
Monkey spermatozoa incubated in capacitation medium exhibited two distinct swimming patterns: w30% of spermatozoa swam in nearly straight paths with high values of beat frequency and the remainder was characterized by large lateral displacement of the head and low values of beat frequency . We refer to the former movement as activated (nonhyperactivated) and the latter movement as hyperactivated (Boatman & Bavister 1984 , Tollner et al. 2003 . Movement characteristics of the hyperactivated spermatozoa were fundamentally different from those of the activated ones, namely, the beat frequency of flagellar movement (24 Hz) decreased approximately to one-sixth (4.1 Hz) and the curvature of flagellar bends at the base of the midpiece (0.065/mm) increased approximately to four times (0.25/mm) during the hyperactivation . The flagellar forces generated by the essentially different movements of the activated and hyperactivated spermatozoa were quantitatively estimated and compared with each other.
The flagellar force was calculated using the resistive force theory (Gray 1958 ) and the drag coefficient correction by Lighthill (1976) . The flagellum was considered to be a series of cylindrical segments; each segment independently interacted with the medium. The force generated by each segment is the product of the drag coefficient, its velocity, and its length. Therefore, the propulsive force (dF) and the transverse force (dT) exerted by an inclined segment at any instant are defined as follows:
where C N and C L are the drag coefficients for movement normal and tangential to the segment, respectively, q is the shear angle, and ds is the segment length. According to Lighthill (1976) , C N and C L of thin fibers such as a flagellum are obtained by 
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where h is the viscosity of the medium, qZ0.09L (where L is the wavelength measured along the flagellum), and a is the radius of the flagellum. Substituting the values of hZ0.7!10 K3 Pa.s, LZ50 mm for the activated spermatozoon and 100 mm for the hyperactivated spermatozoon , and the average radius of the flagellum, aZ0.317 mm, gave values of C N Z1.31!10 K3 Pa.s and C L Z 2.29!10 K3 Pa.s for the activated spermatozoon and C N Z 1.94!10 K3 Pa.s and C L Z1.09!10 K3 Pa.s for the hyperactivated spermatozoon. The drag coefficients were not adjusted for the radius of the flagellum because the flagellar force differed by !4%. The velocities of displacement longitudinal (V x ) and transverse (V y ) to the sperm head axis are as follows:
where x is the x-coordinate, y is the y-coordinate, i is the frame number, and k is the frame rate (Hz). The total propulsive and transverse forces generated by a flagellum were obtained by numerically integrating d F and d T from the head-midpiece junction to the flagellar tip. By eliminating the shear angle from the equations of the propulsive (dF) and transverse (dT) forces, the relationship between the flagellar forces and the velocities was obtained as follows:
where V Z ðV 
Statistical analysis
All data are expressed as the meanGS.D., and any statistical significances were calculated using Student's t-test by SPSS 11.0J (SPSS Japan, Inc., Tokyo, Japan). The significant level was considered to be P!0.01.
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